Abstract -The Advanced Photon Source, at Argonne National Laboratory will produce the world's brightest x-ray beams when it is complete. A number of Correction magnets are used to maintain proper beam position. Basically, two different types of bipolar power supplies are used for all the d o n magnets: one requires dc correction only, and the other requires dc and ac correction. Nomrally linear-mode power amplifiers would be used for the bipolar power supplies. However, linear-mode power ampWiers dissipate a substantial amount of power as heat, resulting in poor efficiency for their large size. In addition, most commercial bipolar power supplies are linear-mode and available for lower power levels. Therefore, for higher power levels it was necessary to design a bipolar power supply that uses switch-mode power conversion. This paper describes a control technique for a pulse-width-modulated bipolar power supply, which can deliver a controlled current, dc plus ac, to a correction magnet. A design example of a 150A bipolar power supply is presented.
I. INTRODUCTION
Argonne National Laboratory's (ANL) Advanced Photon Source (APS), currently under construction, will produce the world's brightest x-ray beams. In order to maintain the beam's proper position, a number of correction magnets are used [1,2]. In the Storage Ring, displacement of the quadrupole magnets due to low fresuency vibration below 25 Hz is the most significant factor affecting the stability of the positron closed orbit. The primary external source of low-frequency vibration is the ground motion of approximately 20 pm amplitude, with frequency components concentrated below 10 Hz. These low-frequency vibrations can be corrected by using correction magnets, whose field strengths are controlled individually through the feedback loop comprising the beam position monitoring system. The correction field required could be either positive or negative. Thus for all the correction magnets, bipolar power supplies (BPSs) are. required to produce both polarities of correction fields. Basically, two different types of bipolar power supplies are used for all the APS correction magnets. One requires dc correction only, and the other requires dc and ac correction. For example, the correction magnet current for the Storage Ring consists of a dc component and an ac component as shown in Fig. 1 . Normally a linear-mode power amplifier would be used for the BPS. Since the linear-mode power amplifier dissipates a substantial amount of power as heat, the efficiency is very poor and the size of the amplifier is large. Most commercial BPSs are linear-type and available for lower power levels (under 4OOW). Therefore, it was necessary to design BPSs using the switch-mode power conversion for the higher power levels required at ANL. There are a number of articles for current-controlled pulse-width-modulated (PWM) inverters mainly for motor drive applications [3 -81. It is noted that to generate beams in accelerator applications, high performance magnet power supplies are required. In reference 191, a bipolar power supply is configured with two half-bridge filtered PWM current sources operating in the master-slave mode. One half-bridge delivers a positive current and the other delivers a negative current.
One base unit, a master and a slave, delivers 20A output current. Using a single master, up to 20 slaves can be driven for higher power applications. The control of this BPS is rather cumplex. In order to "ize reliability, the goal was to make the BPS as simple as possible. This paper deals with the design and development of a BPS using switch-mode power conversion for a magnet load. A 150A BPS has been designed, prototyped. and tested, and approximately 650 units are being manufactured. The design example and key experimental results are provided. Figure 2 shows the simplified circuit configuration of a bipolar power supply considered here. The topology is a full-bridge converter/inverter. which can be a dc-to-dc converter for dc operation or a dc-to-ac inverter for ac operation. A set of switches, Q1 and Q4, is used for one direction of the load current (say positive current), and the other set of switches, 4 2 and 43, for a negative portion of the load current. L,,, and R,,, represent the inductance and resistance of a correction magnet. Since the inductance value of a magnet is relatively large in our particular application, no output filter is considered. In a typical voltage source inverter, switches Q1 
II. CIRCUIT DESCRIPTION AND OPERATION PRINCIPLE

A. DC operation
For dc operation, there are two modes of operation, and the operation principle is exactly the same as a dc/dc Buck converter. For a positive magnet current, switches Q1 and Q4 are closed to deliver power to the load for a period of Ton (Mode 1). The circuit for Mode 1 operation and its equivalent circuit are shown in Fig. 3 .
After the period of Tm, the upper switch Q1 is opened for a period of T d , while the lower switch Q4 remains closed (Mode 2). Figure   4 shows Mode 2 operation and its equivalent circuit. When Q1 is opened for Td, the magnet current freewheels through the still closed switch Q4 and diode D3. For a negative magnet current, opposite manner. It is noted that by controlling only one switch at a time according to the PWM signal, not only can we reduce the switching loss by half but we can also maintain the Buck converter operation principle. In other words, if Q1 and Q4 are opened simultaneously, then the stored energy in the magnet will be returned back to the source during the off time, T& Hence, the converter does not operate as a Buck converter.
B . AC operation
For ac operation, there is an additional mode of operation. For the positive Wdt, it is operated in the same manner as dc operation explained above. In order to increase the magnet current, the ON time of the upper switch Q1 (Q2) is in general longer than its OFF time (i.e., Ton > Td). On the other hand, for the negative di/dt, the OFF time of the upper switch Q1 (Q2) is longer than the on time (i.e., T d > Ton) in order to decrease the magnet current. It is pointed out that even with 100% off time (i.e., Q1 is completely OFF with Q4 ON), the magnet current does not decay fast enough to follow the reference signal due to the large time constant of the magnet. Figure 6 shows the magnet current decay with Q1 (42) OFF and Q4 (Q3) ON ( Ton = 0). Therefore, it is necessary to introduce another mode of operation (Mode 3) by opening the switch Q4 (43). Hence, in Mode 3 operation, as shown in Fig. 5 , the stored energy in the magnet returns to the source via diodes D2 and D3, resulting in faster decay of the magnet current. Figure 7 shows the magnet current decay with both Q1 (Q2) and Q4 (43) OFF simultaneously. Note that in this ac operation ( is controlled while upper switch Q1 (42) remains OFF. Hence, only one switch is controlled at a time for the ac operation, too.
The unregulated dc input bus voltage, Vi,,, is the minimum required value to reduce the output ripple current without using any output filter, and is determined by the following expression:
806 where Ipk = peak value of the ac current and w = 2 x f (f = reference frequency).
III. ANALYSIS
Refening to Fig. 2 , the steady-state analysis of the circuit for a positive magnet current is c a n i d out in the following manner. During this period switch Q4 remains ON and the anti-parallel diode D3 is conducting. Then the magnet current freewheels, and the equivalent circuit is shown in Fig. 4 (b) . Thus, a differential equation for the period can be written as: 
C. Mode 3 operation:
During this period both switches Q1 and Q4 remain OFF and the anti-parallel diodes D2 and D3 are conducting. Thus the stored energy in the magnet returns to the source, resulting in the faster decay of the magnet current. From the equivalent circuit as shown in Fig. 5(b) , a differential equation for this period can be written as:
+ R, i(t) + 2~~) . A. System Description Figure 9 shows the simplified block diagram of a bipolar power supply designed at A m . It consists of a power modulator (main power section), four Euro-cards for the regulator, digital-to-analog and analog-todigital converters (DAC/ADC), converter and magnet monitoring and interlocks, and a control (or auxiliary) power supply board. This BPS is water-cooled. The power supply control unit (PSCU) contains the intelligence that interfaces directly to each power supply hardware for control, monitoring, and communicating to the host computer. One PSCU can control as many as eight BPSs. In order to regulate the magnet current, the ramp comparison method and PI controller are used. The magnet current information is fed back to an error amplifier input via a current measuring device as the feedback signal, Vf, and is compared with the reference voltage, V,, which is provided by a digital-to-analog converter (DAC). A 2mQ shunt resistor is used for the current measuring device. Since the current loop responds slowly to the input voltage variation due to the large time constant of a correction magnet, the voltage-feedforward techniaue, which varies the ram^ slom. is used Figure 11 shows the simpWed regulator circuit used to generate gating signals. The reference signal, Vr, from a DAC is 0 to +1OV for the positive magnet current and 0 to -lOV for the negative current. A polarity signal, which determines a set of switches to be controlled, is derived from the error voltage signal by using a comparator. A logic high signal, which selects switches Q1 and Q4, is obtained for a positive value. Similarly, a logic low signal, which selects switches Q2 and 43, is obtained for a negative value. The feedback signal, Vf, is provided from a current measuring device. The voltage developed across a 2mR shunt resistor is amplified by an isolation amplifier to produce +1OV (-1OV) for maximum positive (negative) current. The output of the error amplifier, Ve, is compared with a 1OV ramp signal, V,, at a comparator generating a pulse train. This PWM signal is combined with the polarity signal using an AND gate to determine which switch, Q1 or Q2, is to be controlled. The maximum duty cycle could be loo%, including dc offset current and ac current.
B. Main Power Section
C. Regulator
D. DACIADC
The reference signal for the regulator card is provided by a 16-bit DAC, and the magnet current information (feedback voltage) is converted to digital infomation by a 20-bit ADC to be used for monitoring. The DAC's input values are set by an input counter, which has three optically coupled input signals: one to reset it to zero for soft start, a second to increment it one bit at a time, and a third to decrement it one bit at a time. These input values are from the PSCU which also serially clocks out the 16 most significant bits from the DAC. For dynamic correction, the DAC is loaded directly by the control computer in a serial-to-parallel manner. Figure 12 shows the simplified block diagram of a control scheme of correction magnet power supplies for the storage ring. The PSCU communicates to each power supply using optically coupled digital signals and differential shielded twisted pairs for analog signal transmission [IO] .
E. Control for Correction Magnets
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G. Monitoring and Interlocks
There are two Euro-cards p v i d e d in the BPS chassis for monitaing and interlocks, one far the converter (BPS) and the other for the magnet. The converter interiock card can monitor and interlock five t e m s for two IGBT modules, an input capacitor, return water, and conml power supply heat sink using PN junctions as temperature sensors over the range of 0 to 100 "c and three voltage signals for the magnet current, input bus, and mml-power-supply failure. The magnet interlock card monitors and interlocks four tempcrams far the magnet and its r e m water. are less than lOmA peak-to-peak for approximately three hours and both results are well within the specification limit (9omA). A measured magnet current waveform w i t h its command signal, which is 25Hz sinusoidal at 75A (peak), is shown in Fig. 15 . Also, Fig. 16 shows a masured magnet current waveform with its command signal, which is 25Hz sinusoidal at 75A (peak) plus +75A dc current.
Note that the magnet currents follow their command signals very accurately.
VI. CONCLUSION
In this paper a currentcontrolled PWM bipolar power supply for a magnet load has been presented. A current control method has been shown and, based on that method, a straightforward design example of a l5OA BPS is provided. Key experimental results are included It has been shown that the conventional linear-mode power amplif~er can be replaced by a p p e r l y designed FWh4 power amplifier for a magnet load which requires a high performance bipolar power supply. 
